The effects of polyurethane sponge size and type on the performance of an up-flow sponge bioreactor were studied using different sponge cube sizes (1×1×1 cm, 2×2×2 cm and 3×3×3 cm) and types of sponge (S28-30/45R, S28-30/60R, S28-30/80R and S28-30/90R). The reactors were operated under anaerobic conditions in an early stage and an aerobic condition in a latter stage. The results indicate that there was no significant difference in the organic and nutrient removal rates between sponge types. The medium size sponge (2×2×2 cm) had the best performance in terms of both biomass growth and pollutant removal. Under anaerobic condition, the COD, TN and TP removal efficiencies were up to 70%, 45% and 55%, respectively, and significantly improved under aerobic conditions (e.g. > 90% TOC, 95% COD, 65% TN and 90% TP). The external biomass grew faster under anaerobic conditions while internal biomass was dominant under aerobic condition.
Introduction
There is currently a growing interest in wastewater treatment using of attached growth systems (biofilm process) that are related to biomass growth on support media (Rusten et al., 1999; Tavares et al., 1994) . The advantages of the attached growth system over conventional activated sludge processes (CAS) include better oxygen transfer, high nitrification rate and biomass concentrations, more effective organic removal, and relatively shorter hydraulic retention time (HRT) (Tavares et al., 1994; Ødegaard, 2000) . In the attached growth system, the choice of the support media determines reactor efficiency and performance. The choice of the appropriate support media for various processes has been the subject of several research articles. The rapid and stable attachment of microorganism to a porous media surface is the most important factor for the successful application of media processes (Chae et al., 1994) . The shape, size and type of material may have a strong effect on the performance of the system. The specific surface area of the support media determines the surface available for bacterial growth, while porosity determines the biofilm thickness and pore clogging (Vasiliadou et al., 2008) . Sponge has been considered as an ideal attached growth media because it can act as a mobile carrier for active biomass. Polyurethane sponge and some of the other porous media have been successfully applied for attached growth systems. Yang et al. (2008) used a reticulated polyurethane sponge material as a medium in three types of rotating drum biofilters (RDB), a single layer RDB, a multi-layer RDB, and a hybrid RDB for removal of VOCs with the efficiency over 50%. Tawfik et al. (2006) successfully evaluated a combined up-flow anaerobic sludge blanket (UASB) downflow hanging sponge (DHS) system for sewage treatment. The study indicated that a combined UASB-DHS system appears an appropriate solution as a compact, low cost, and low energy requirement for sewage treatment at an average wastewater temperature of 15 0 C. It comprises the most efficient integrated process and not only COD total (90%), BOD 5total (98%), TSS (94%), ammonia (86%) and F. coliform (99.92%) removal but also to reduce the excess sludge production. Chuang et al. (2007) observed that the partial nitrification was satisfactorily accomplished under limited oxygen condition at around 0.5% in the gas phase (0.2 mg DO/ L) by using down-flow hanging sponge reactor. The system also showed a high ammonium removal rate at a maximum of 1.46
kg NH 4 + -N m 3 /day, even in limited oxygen concentration. Xing et al. (1995) studied simultaneous nitrification-denitrification for the treatment of artificial sewage in two FBBR in series employing polyurethane cubes as a carrier media and observed 40%
total nitrogen removal at an HRT of 4h. Deguchi and Kashiwaya. (1994) reported that the nitrification and denitrification rate coefficients of a sponge suspended biological growth reactor were 1.5 and 1.6 times respectively, higher than the coefficients of conventional activated sludge. Scarce information is however available about the effect of different sizes and types of the sponge media on the behaviour of treatment systems.
A better understanding of external and internal biomass of sponge is necessary to estimate the beneficial advantage to the wastewater treatment process.
The objectives of this study are to investigate the effect of sponge conditions (sizes and types) on: (i) the removal efficiencies of organics (chemical oxygen demand COD and total organic carbon TOC) and nutrients (total nitrogen TN and total phosphorus TP) and (ii) biomass growth onto sponge surfaces and in the interior void space of the sponge cubes.
Materials and methods

Synthetic wastewaters
The experiments were conducted using a synthetic wastewater to avoid any Table 1 (Lee et al., 2003) . 
Experimental set-up
In this study, the lab-scale sponge reactors were employed to conduct experiments under (i) anaerobic conditions and (ii) anaerobic conditions in early stage and aerobic conditions in the later stages. The sponge reactors were made of acrylic, with diameter of 10 cm, height of 30 cm and the effective volume of 2 L. The wastewater was pumped from the bottom of the reactors with a flow-rate of 10 mL/min.
The organic loading rate and hydraulic retention time were 11.05 kg COD/m 3 .d and 2.62 hours, respectively. The sponges were packed in 6 layers inside the reactor, with 31 sponges per layer so that the total number of sponges in one reactor was 186. The experiment was controlled under anaerobic conditions.
The three different sizes of sponge were small (1×1 ×1 cm), medium (2 × 2 × 2 cm) and large (3 × 3 × 3 cm). The total weight and volume of sponges in each reactor was 13.20 -13.39 g and 430 -432 cm 3 (Table 2) .
Table 2
Characteristics of sponges used
Analysis
TOC of the influent and effluent was measured using the Analytikjena Multi N/C 2000. The analysis of COD was according to Standard Methods (APHA, AWWA, WEF, 1998). T-N and PO 4 -P were measured by photometric method using Spectroquant ® Cell Test (NOVA 60, Merck). Biomass, monitored as mixed liquor volatile suspended solid, was determined according to APHA Standard Method. For measuring the external biomass of sponge, the identified number of sponge was introduced to a 200 mL flask with 100mL of milliQ water, then was shook at 150 rpm for 30 min using shaking incubator. After taking the external biomass, sponge was squeezed to identify internal biomass. The total biomass is the sum of internal and external biomasses. Table 3 presents the total organic carbon removal efficiency during the whole operation period in the experiments with different sponge sizes under anaerobic
Results and discussion
Effect on organic removal
conditions. There was a slight difference of efficiency at the different sizes of sponge during the first 15 days under anaerobic condition. The results indicate that the small, medium and large sizes were found in ascending order in terms of TOC removal efficiency. The results also indicated that the systems achieved TOC removal of over 40%. This is due to sponge having the simultaneous functions of biodegradation by attached microorganisms on its surface and inner part. During the operation time, bioreaction took place due to the growth of biomass supported by the sponge. Since the simultaneous activity of biodegradation on sponge attained at its peak at day 15, the efficiencies decreased from 40% to around 36%. It can be explained by the wastewater passed through the gap between sponges without penetrating into the sponges and contacting with biomass.
COD removal efficiency was measured during the 25 days of operation (Table   3 ). The results indicated that both small and middle sponge size reactor had significantly higher removal efficiencies as compared to large sponge size reactor. The maximum COD removal efficiencies of small and middle sizes at day 10 were 54.9 and 69.9%, respectively. Meanwhile, the removal efficiency of the large sponge size was only 28.8% after 3 days, followed by a steady state. Nevertheless, the removal efficiency decreased dramatically in both small and medium sponge size reactors after 15 days, reaching almost the same value of large size of approximately 30%. under anaerobic conditions. The same trend was also observed in case of COD removal, with the efficiencies over 95%. This clearly shows that aerobic sponge reactor has better performance than an anaerobic sponge reactor in terms of organic removal. Table 3 shows total nitrogen and total phosphorus removal efficiencies at different sponge sizes under anaerobic conditions. The peaks of efficiencies were observed at day 3 in the large sponge size reactor, and at day 10 in both small and medium sponge size reactor. Table 4 shows the ratio between internal and external biomass growth on sponges. The results clearly indicated the amount of internal biomass was much higher than that of the external biomass, especially during the first 5 days. At day 3, the ratios in small, medium and large sponge sizes were 15.5, 41.0 and 44.0, respectively. The lower ratio observed in small size sponge was due to its relatively high surface area.
Effect on nutrient removal
Effect on biomass growth
These ratios also demonstrated that, in the initial phase, biomass tended to grow inside rather than outside of the sponge. In the next 2 days, the proportion decreased dramatically, from 15.5 to 4.8 in small sponge size, from 41.0 to 9.1 in medium sponge size, and from 44 to 17.5 in large sponge size. After 15 days, it remained stable around 2.6-6.2 in all columns, however the lowest value was also observed in small sponge size.
Table 4
The ratio between internal and external biomass in the experiment of different sizes of sponge under anaerobic condition
The addition of internal and external biomass was then calculated based on the weight of sponge to get the total biomass value (Fig. 3) . During the first 5 days, biomass on small sponge size grew faster than that of the other sizes; however, the biomass started decreasing in small sponge size from day 15. It was gradually slumped from 79.3 to 74 and to 63.9 mg biomass/g sponge at day 15, 20 and 25, respectively.
Meanwhile the total biomass of medium and large size sponge kept increasing, reached 100 mg biomass/g sponge in medium sponge size at 25 days. The decrease of total biomass in small sponge size could be explained by the degradation of biomass grown on the large surface area of sponge. The highest value of total biomass growth on medium sponge size since day 10 demonstrated the higher removal efficiencies in COD, TN and TP removal as compared to the small and large sponge size. Fig. 3 . Profiles of total biomass of sponge for different sizes of sponge (sponge volume = 430 -432 cm 3 , influent feeding rate = 10 mL/min, organic loading rate = 11.05 kg COD/m 3 .d, hydraulic retention time = 2.62 hours)
The profile of external biomass variation with different sponge types is given in Fig. 4a . In the early stage, under anaerobic condition, the highest value of external biomass was achieved in S28-30/60R with 30.6 mg biomass/ g sponge, whereas only 16.2 mg biomass/ g sponge in S28-30/90R, 22.3 mg biomass/ g sponge in S28-30/80R
and 25.9 mg biomass/ g sponge in S28-30/45R. The amount of external biomass dramatically decreased when the condition was changed from anaerobic to aerobic. It was only 0.6 mg biomass/ g sponge (60R), 1.5 mg biomass/ g sponge (90R), 2.6 mg biomass/ g sponge (80R) and 3.9 mg biomass/ g sponge (45R) at day 18. It was then slightly rose after 25 and 30 days operation, at day 35 the external biomass ranged from 1.9 mg biomass/ g sponge (90R) to 3.3 mg biomass/ g sponge (60R). These results proved that under anaerobic conditions the external biomass growth on surface area of polyurethane sponge has a higher value than that under aerobic conditions. Fig. 4b shows the variation of the internal biomass in different types of sponge under anaerobic and aerobic conditions. In the early stage, the reduced amount of biomass was produced inside the sponge as compared to the second stage. The highest value of internal biomass was observed in S28-30/90R with 33.8 mg biomass/g sponge, followed by S28-30/60R (27.5 mg biomass/ g sponge), S28-30/80R (22.7 mg biomass/ g sponge) and S28-30/45R (18.7 mg biomass/ g sponge). The significant higher amount of internal biomass was achieved when the condition was changed to aerobic. The internal biomass was slightly accumulated inside the sponge; for instance, it increased from 106.1 mg biomass/ g sponge to 109.3, 149.5 and 195.6 mg biomass/ g sponge in day 18, 25, 30, 35 in sponge S28-30/90R, respectively. After 35 days of operation, the largest amount of internal biomass was recorded at sponge S28-30/90R with the value of 195.6 mg biomass/ g sponge, and the lowest amount was at sponge S28-30/60R with the value of 137.6 mg biomass/ g sponge. Total biomass, the sum of external and internal biomass, is given in Fig. 4c . At the end of the first stage, the total biomass of sponge S28-30/60R
(197.5 mg biomass/ g sponge) was relatively higher than the others (140.9 -168.2 mg biomass/ g sponge). In aerobic conditions, there was a relatively proportion between internal biomass and external biomass because the amount of internal biomass was much higher than external biomass. 
